The interannual variability of streamflow affects the composition and species richness of vegetation in low-flow channels and alluvial plains. Although climate conditions in 2003 and 2004 were nearly identical, large differences in streamflow were observed downstream from the Matawin dam. These differences resulted in numerous days without flow (no water release) during the growing period (May to August) in 2003, leading to man-made hydrological drought. While this drought had no effect on abiotic variables (grain-size distribution and nutrient concentrations in sediments), a significant decrease in the number of terrestrial species was observed in 2004 (year without drought) relative to 2003 (drought year) on three sand bars studied. This decrease is interpreted to result from prolonged submergence of the sites in 2004. Principal component analysis highlighted the effect of individual sites (first principal component) and of the interannual variability of streamflow (second component) on the number of species. The study suggests that, from a flow management standpoint, it is advisable to release enough water downstream from the dam during the growing season to prevent low-flow channel colonization by invasive terrestrial species.
Introduction
Hydrologic variation plays a major role in structuring the biotic diversity within river ecosystems as it controls key habitat conditions within the river channel, the floodplain, and hyporheic zones [1] . According to [2] "flow variations regulate taxonomic composition and abundance of aquatic organisms". However, many studies deal mainly with lentic natural and man-made (fluvial and non-fluvial) settings. In North America, these studies have shown that fluctuations in water levels are the dominant factor controlling the composition and succession of coastal wetland vegetation in the Great Lakes [3] [4] [5] [6] . This conclusion was also confirmed for other parts of the world. In New Zealand, for instance, [7] noted that species richness was much lower in lakes with interannual level variations than in lakes with intra-annual variations.
Although a larger number of factors interact in lotic settings (e.g., [8] [9] [10] ), there is a recognized effect of water levels on aquatic and riparian vegetation, this effect having been shown mainly for regulated rivers downstream from dams. Most of these studies, however, focused on abrupt water level changes at the daily scale observed downstream from dams (see reviews by [11] [12] [13] [14] [15] ). In contrast, at the interseasonal and interannual scales, the major change caused by the presence of dams is a decrease (low interannual variability of daily flows) in this natural hydrologic variation, resulting in progressive homogenization of streamflow. This homogenization is mostly due to a decrease in peak flows and an increase in minimum flows [13, 16] . From an ecological standpoint, streamflow homogenization downstream of dams would result in a loss of biodiversity due to the extinction of native species in favor of alien species, as well as homogenization of the flora and fauna [16] .
Reservoirs in Quebec, which produce an inversion of the natural annual cycle of rivers (maximum flows in winter and minimum flows in spring and summer), cause higher interseasonal and interannual variability of daily flows (e.g., [17] [18] [19] [20] ) downstream from associated dams than in natural settings. The ecological consequences of such high interannual variability have not yet been documented. The goal of the study is therefore to analyze the impacts of this high interannual variability of daily flows on the abundance of obligate wetland plant species in the Matawin River channel downstream from the Taureau reservoir. This goal is based on the following hypothesis: the high interannual variability of streamflow during the growing season downstream from the Taureau reservoir leads to decrease in the abundance of obligate wetland species on sand bars in the low-flow channel of the river. It should be mentioned that several studies have looked at the effects of water level variability in the St. Lawrence River on vegetation in aquatic settings in Quebec [21] [22] [23] [24] [25] [26] [27] . However, as shown by [27] , the interannual variability of water levels in the St. Lawrence is very low due to flow regulation by dams and locks. In addition, most of these studies focused on vegetation in fluvial lakes (lentic settings) in which the hydrologic regime is not inverted.
Methods

Description of the Matawin River Watershed and Hydrologic Data Sources
The main tributary of the Saint-Maurice River located on the north shore and a subtributary of the St. Lawrence River, the Matawin River drains a watershed of 5775 km 2 ( Figure 1 ). It nicks the Canadian Shield and bathes in a subpolar climate with an annual wave surge of about 1000 mm and an annual mean temperature of 4 °C. The entire watershed is covered by hardwood forest. Little agriculture is practiced. In 1930, the Taureau Dam (26 m high, 348,000,000 m   3 capacity) was erected, with the main objective of supplying the hydroelectric generating stations built on the Saint-Maurice River to produce hydroelectric power in winter, because the reservoir does not have a hydroelectric generating station. The dam operating mode is characterized by water storage from snow melt during the period from April to May or, sometimes, to early June. Since the Taureau Reservoir is an annual reservoir, all of the water stored in spring is released in winter (January to March) to feed the hydroelectric generating stations constructed downstream on the Saint-Maurice River. This management mode has caused the inversion of the natural streamflow cycle (Figure 2 ): the highest streamflows are recorded in winter and the lowest in spring downstream from the reservoir [28] . Since impoundment of the reservoir in 1931, there has been practically no change in this management mode. Finally, we should mention that when the reservoir reaches maximum capacity in spring, the surplus water brought by summer and fall precipitation obviously is no longer stored. Therefore, the water used in winter for hydroelectric power production comes exclusively from spring snow melt stored in the reservoir in spring.
Since 1931, daily streamflows have been measured simultaneously upstream from the dam at the Saint-Michel-Des-Saints station (1390 km 2 , 46°41' N, 73°54' W) and just downstream from the reservoir (4070 km 2 , 46°51' N, 73°38' W). The upstream station is not influenced by the reservoir. Indeed, it is part of the Canadian Reference Hydrometric Basin Network [29] , and the selection of these reference stations is based on very strict anthropogenic impact criteria. Among these criteria is the absence of urbanization or any other major transformation (such as deforestation or the presence of a dam). The two stations are located in the same climatic, lithologic and vegetation context. Streamflows measured at the station downstream from the reservoir are not influenced at all by the contributions of a natural tributary. The homogeneity of physiographic conditions upstream and downstream and the absence of influence of a tributary make it easy to compare interannual streamflow variability upstream and downstream from the dam (Figure 1 ). The streamflow data for these two stations come from the Environment Canada website [30] . The daily streamflow data downstream from the reservoir end in 1994. After that year, the data are no longer archived by Environment Canada. We obtained them from Hydro-Québec, the reservoir's manager. The dam was constructed by the Shawinigan Water and Power Company (SWPC) in 1930 and then transferred to Hydro-Québec in 1963 when the Quebec provincial government nationalized hydroelectric power [31] .
Climate data (temperature and precipitation) are measured at the Saint-Michel-des-Saints station since 1962. They were also taken from an Environment Canada website on the same date as flow data [32] . 
Measurement of Abiotic and Biotic Variables
To analyze the effects of daily flow variations on plant species abundance, three sand bars were sampled upstream and downstream from the Taureau reservoir ( Figure 1 ). The choice of the same morphological units, namely sand bars, is based on the fact that, in rivers, the inherent heterogeneity introduced by local topography can affect the effects of water level on the species abundance of sites [9] . Thus, [33] have shown that the number of species on islets located downstream from the Butgenbach dam on the Warche River (Belgium) was strongly influenced by the extent of erosion of these islets. Sediments samples (500 g) were collected on each bar at a depth of 15 cm from three sites along a longitudinal transect (from upstream to downstream). A fraction of each sample was used for grain-size analysis using the classic sieving method to determine sand, silt and clay percentages. Another fraction was used for nutrient analysis as follows: total nitrogen (extraction with sulphuric acid following the QuickChem method), total phosphorus (extraction with hydrochloric acid and ammonium fluoride following the method described by [34] and total organic carbon (extraction using potassium dichromate and ferrous sulphate, following the method described by [35] ).
Plants on the sand bars were surveyed extensively in 20 × 30 cm plots (in order to sample the whole surface area of interest to identify all species present at a given site) totaling a maximum of 18 m 2 . At each site, 30 quadrats (replicates) were thus sampled. All species in a given plot were identified in situ according to the Laurentian flora nomenclature [36] . However, when in situ identification proved difficult, a photo of the specimen was taken for identification in the laboratory. In this way, all species were left in place. Identified species were classified according to their respective ecological group. The classification scheme proposed by [37] for Quebec plants was used for this purpose. In this scheme, species are grouped in two categories. We added this last category to analyze the extent of "terrestrialization" (invasion of a wetland by terrestrial plant species) of the low-flow channel of the Matawin River downstream from the dam. Thus, plant species were divided into the following three ecological groups:
-Obligate wetland species (OBL) are species that only occur in wetlands; -Facultative wetland species (FAC) are species that preferentially occur in wetlands, but can also occur in terrestrial settings; -Terrestrial species (TS) are species that preferentially occur in terrestrial settings, but can opportunistically develop in wetlands. 
Statistical Analysis
The classic paired t-test was used to compare the means of climate (monthly temperature and precipitation) and hydrological (daily and monthly streamflow) data measured in 2003 and 2004. This test was only applied to monthly mean data because daily temperature and precipitation data were not available. As for abiotic data (sediment size and chemistry), a comparison of their variation in time (measurements taken in 2003 and 2004) and space (measurements upstream and downstream from the dam) was carried out using the Chi-square test. Finally, for vegetation, a comparison of absolute frequencies of the number of species between sites was carried out using the Chi-square method. These abiotic variables were correlated with biotic variables (percentage of species in each of the three ecological groups). This correlation was calculated for 2003, 2004, and 2003-2004 . An exploratory multivariate method based on principal component analysis (PC) was also used to constrain (1) the effect of individual sites (spatial factor) and of the interannual variability of streamflow (temporal factor) on the number of species in each of the three ecological groups. Principal component analysis, a widely used method, was applied to a matrix consisting of six rows (three sites upstream and three sites downstream from the dam) and six columns (proportions, in percent, of species in each of the three ecological groups calculated for 2003 and 2004 at each site). It is to be noted that we have used the correlation matrix calculated between the proportions of species in each ecological group for each site for 2003 and 2004. Axis rotation was performed using the Varimax method, which allowed us to maximize the loadings of species proportions for each ecological group calculated for 2003 and 2004. Note that, according to the widely-used Kayser criterion, a principal component is statistically significant when its eigenvalue is ≥1. Except for application of the Chi-square method, these computations were carried out in SYSTAT 11 (SYSTAT Software 2004, Cranes Software International Ltd., Karnataka, India).
Results and Discussion
Comparison of Hydroclimate Variables for 2003 and 2004
Temperature and precipitation variability in 2003 and 2004 is shown in Figure 3a ,b. Results of the comparison of measurements of these two variables at the monthly scale for the two years using the paired t-test are shown in Table 1 . These results reveal that there is no statistically significant difference between the two years. Table 2 ). The longest sequence of no-flow days exceeds 15 days in June. As a result, the interannual variability of streamflow was higher downstream than upstream from the dam. This high variability, which is not observed in climate data and streamflow measurements upstream from the dam, is due to the mode of management of the dam, which consists in storing large amounts of water in the reservoir in the spring and summer for use in winter for hydroelectric power generation. There does not, however, seem to be any link between climate (temperature and precipitation) and the amount of water stored in the reservoir, as described below. 
Comparison of Abiotic and Biotic Variables in 2003 and 2004
Results of grain-size distribution analysis for sediments from the six sand bars are presented in Table 3 (Table 5 ). In contrast, downstream from the dam, two significant changes are observed and confirmed using the Chi-square test at the 5% significance level. The first change is a decrease in the total number of species per site. Thus, the average number of species per site fell by 23%, from 30 in 2003 to 23 in 2004. This decrease in the total number of species is due to a decrease in the number of terrestrial species (second change), the mean frequency per site for these species going from 25.4% in 2003 to 13% in 2004. Incidentally, a comparison of species frequency for the three ecological groups upstream and downstream from the dam reveals that obligate wetland species are more abundant than species in the other two groups and that the difference in the number of obligate wetland species and the number of species in the other two groups is higher upstream than downstream from the dam. Conversely, the proportion of terrestrial species becomes very small. Sand bars located at the edge of the low-flow channel are frequently and regularly submerged by flood waters, so that they are effectively wetlands. This likely accounts for the high frequency of obligate wetland species compared to species in the other two ecological groups, in particular terrestrial species. Sand bar submergence under flood waters is less frequent and regular downstream from the dam as a result of spring flood suppression and the storage of large amounts of water in the reservoir. This leads to the "terrestrialization" of bars located at the edge of the low-flow channel, which promotes their invasion by terrestrial plants which do not germinate effectively in sites characterized by prolonged, frequent and regular submergence (e.g., [38] ). The loss of terrestrial species observed on the three bars downstream from the dam in 2004 is due to the fact that, unlike in 2003 when the lack of water releases meant that they were exposed for many days at a time, the bars remained submerged for long periods in 2004. It follows that man-made "artificial drought" affects terrestrial species more strongly than obligate wetland species in the low-flow channel downstream from the dam. In a study of species dynamics in the St. Lawrence River alluvial plain in Quebec, [22, 23] observed that, in dry years (climate-induced drought), the number of aquatic species decreased while the number of exotic or aggressive terrestrial species increased. In contrast, these latter species disappeared when the alluvial plain was flooded while the number of aquatic plants increased. Similarly, in Australia, increases in the magnitude of flooding downstream from a dam led to the senescence of flood-intolerant species in the Murray River alluvial plain [38] , an observation also confirmed by other authors (e.g., [39] ). Very low water table variability in the low-flow channel relative to the alluvial plain could account for the maintenance of obligate wetland species abundance under drought conditions.
To constrain better the effect of the interannual variability of daily streamflow on the number of species downstream from the dam, we calculated the coefficients of correlation between abiotic and biotic variables and applied principal component analysis to the data shown in Table 5 . Coefficients of correlation are shown in Table 6 , which indicates that there is no significant difference in coefficient of correlation values between 2003 and 2004 due to the significant lack of variability in abiotic variables between the two years. However, for the two years, total nitrogen (TN) is positively correlated with the proportion of wetland obligate species (OBL) and, to a lesser extent, negatively correlated with the proportion of facultative species (FAC). It should also be pointed out that TN did not vary downstream from the dam from 2003 to 2004 (see Table 4 ), so that nitrogen cannot account for changes observed downstream from the dam in 2004. Notes: ** = statistically significant value at the 5% level; * = statistically significant value at the 10% level; TOC = total organic carbon (%); TN = total nitrogen (%); TP = total phosphorus (ppm).
Results of principal component analysis are shown in Table 7 and Figure 5 . Applying the Kayser criterion, only the first two components are found to be statistically significant, their eigenvalues being >1.
Their cumulative total explained variance reaches 90%. Table 7 shows that analysis of loading values does not distinguish between the two years based on the variations in the proportions of species in each of the three ecological groups. Indeed, the two principal components are strongly correlated (loading values >0.800) to the proportions of species in two of the three ecological groups in 2003 and 2004. Thus, for instance, the first principal component is strongly correlated with proportions of OBL and FACW group species in 2004, and with the proportion of FACW group species in 2003 (Table 6 ). In contrast, principal component analysis highlighted variations between sites ( Figure 5) . Thus, sites with high proportions (>60%) of obligate wetland species during at least one year have negative scores on the first principal component while the other sites have positive scores. None of the abiotic factors analyzed seems to account for this grouping, that is, the difference in the number of species in each ecological group observed between sites. It should be noted that this difference may be explained by many other abiotic factors which were not analyzed and cannot all be listed, for one thing, and/or by various ecological processes (i.e., grazers, seed bank, etc.), for another. The second principal component, for its part, distinguishes between sites according to their location with respect to the dam. Based on these observations, we conclude that the first principal component reflects the effect of variations in species proportions, particularly those of obligate wetland species, according to location (spatial effect), while the second component reflects the effect of the interannual variability of streamflow downstream from the dam on species proportions (temporal effect).
Many models have been proposed to account for the relationship between water levels and riparian and alluvial plain vegetation. Most of these models, however, were developed for lentic settings (e.g., [3, 23, [40] [41] [42] ). In Quebec, for instance, [23] developed a model for the St. Lawrence River. For reasons already mentioned, the fact that this model was developed for a lentic fluvial setting with low interannual variability of water levels means that it is not applicable to the present case. Although a few models have been proposed for natural and regulated rivers (e.g., [9, 23, [40] [41] [42] ), their generalization remains limited due to the complexity of factors which affect species abundance at any given site. In addition, our study aimed at measuring the extent of the presence of terrestrial plants in the low-flow channel downstream from the dam as it relates to flow inversion and man-made drought. In this perspective, the study did not consider some aspects such as the role of seed bank and the analysis of the frequency of drawdown. The effect of this factor has already been demonstrated by many authors (e.g., [3, 4, 8, 38] ). It is reasonable to expect that this factor could in part account for the variation in the number of species observed downstream from the dam between 2003 and 2004 on the one hand, and for the variation in the number of species observed between sites, on the other hand. Finally, models and theories developed for rivers are more applicable to riparian vegetation than to low-flow channel vegetation in a given river. 
Conclusions
Although temperature and precipitation do not vary markedly between the 2003 and 2004 growing seasons, the variability of streamflow downstream from the Matawin dam is relatively high during these two years. This variability is reflected in the persistence of consecutive days without water release (no flow) downstream from the dam. While such flow interruptions have no effect on grain-size distribution and nutrients in the three sand bars analyzed, a marked decrease in the number of plant species was observed at all three sites which is linked to the loss of several terrestrial species. This species loss is interpreted to result from more prolonged submergence of the sites in 2004 than in 2003. From a management standpoint, frequent and regular water releases during the growing season are advisable to prevent invasion of the low-flow channel by terrestrial species downstream from the dam and the terrestrialization of many morphological sites in the low-flow channel of the river.
